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SUMMARY 


Vortex  flow  patterns  over  models  of  the  F/A-18  aircraft  were  visualised  using  dye  and 
hydrogen  bubble  techniques  in  a  water  tunnel.  The  axial  position  of  vortex  breakdown  in 
the  leading-edge  extension  (LEX)  vortices  was  measured,  and  was  found  to  be  insensitive  to 
Reynolds  number,  to  flap  setting,  and  to  small  variations  in  model  cross-section  shape. 
Engine  inlet  flow  did  alter  the  vortex  breakdown  position,  at  flow  rates  that  might  be 
encountered  under  flight  conditions.  The  fitting  offences  on  the  LEX  upper  surface  did  not 
affect  the  axial  position  of  vortex  breakdown,  but  did  alter  the  vortex  structure.  These 
alterations  were  examined  in  some  detail. 
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NOTATION 


LEX  Leading  Edge  extension 

Rmac  Reynolds  number  based  on  mean  aerodynamic  chord 

LEF  Leading  Edge  Flap 

TEF  Trailing  Edge  Flap 

X  Distance  from  aircraft  nose.  measured 

longitudinal  axis  of  aircraft 

L  Length  of  aircraft,  from  fuselage  nose  to 

nozzle  exit  plane 

V]  Mean  velocity  at  engine  inlet  plane 

Vq  Freestream  velocity 


along 

exhaust 


N-l 
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1.  INTRODUCTION 


The  flow  around  the  F/A-18  aircraft  at  moderate  to  high  angles  of  attack  is 
complex  and  is  dominated  by  the  separated  vortices  generated  by  the  highly- 
swept  wing  leading-edge  root  extensions  (LEXes).  The  vortices  pass  over  the 
rear  fuselage  of  the  aircraft,  and  the  vertical  and  horizontal  tail  surfaces  are 
immersed  in  the  vortical  flow  field. 

The  pressure  field  due  to  the  vortices  contributes  substantially  to  the 
generation  of  lift  on  the  aircraft,  allowing  routine  flight  manoeuvres  at  angles 
of  attack  of  35°  or  more.  However,  the  phenomenon  of  vortex  breakdown  can 
lead  to  adverse  effects  on  the  aircraft  structure.  Vortex  breakdown  occurs  when 
the  stable  core  of  a  LEX  vortex  undergoes  a  sudden  expansion.  Flow  reversal 
in  the  core  occurs,  and  the  flow  downstream  of  the  breakdown  point  becomes 
disturbed  and  unsteady.  The  impingement  of  the  unsteady  flow  on  the  tail 
surfaces  leads  to  structural  vibration,  particularly  of  the  vertical  fins. 


The  flow  around  the  F/A-18  has  been  studied  in  some  detail  in  water  tunnel 
tests  by  Erickson1,  and  in  wind  tunnel  tests  by  Erickson  et  al  .  Water  and  w  ind 
tunnel  test  results  have  been  reported  by  Lee  et  al'\  and  by  Wentz-*.  In  the 
study  described  in  this  report,  the  flow  around  a  model  of  the  F/A-18  was 
visualised  in  a  water  tunnel.  The  effects  of  aircraft  geometry  and  engine  inlet 


flow  on  vortex  breakdown  position  were  measured  for  a  range  of  angles  of 
attack  and  flow  velocity.  Also,  the  effects  of  modifications  developed  by  the 
aircraft's  manufacturer  to  reduce  the  structural  impact  of  vortex  breakdown 


were  studied. 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Test  facilities 

Most  of  the  tests  described  here  were  carried  out  in  the  ARL  Flight  Mechanics 
Branch  water  tunnel  (Fig.  1).  This  is  an  Eidetics  Model  1520  horizontal-flow 
tunnel,  with  a  test  section  380  mm  wide,  510  mm  deep,  and  1.52  m  long.  The 
tunnel  is  operated  with  a  free  surface  in  the  test  section.  The  model  is  mounted 
inverted  in  the  test  section,  on  a  support  system  consisting  of  a  sting  and  C- 
strut,  and  is  positioned  in  pitch  and  yaw  by  remotely-controlled  DC  motors. 
Readouts  of  pitch  and  vaw  angle  are  provided  on  the  tunnel  control  panel. 

Also  included  in  this  report  are  some  earlier  results  of  F/A-18  vortex 
breakdown  measurements  made  in  a  smaller  vertical  water  tunnel  (250  mm  x 
250  mm  test  section)  and  in  a  small  towing  tank  (300  mm  x  300  mm  cross- 
section). 


2.2  Models 


The  model  used  in  the  majority  of  the  tests  described  here  was  a  1/48  scale 
model  of  the  F/A-18  (Fig.2).  A  standard  plastic  hobby  kit  (Monogram  brand) 
was  modified  to  make  it  suitable  for  test  purposes.  The  model  outline  was 
checked  carefully  against  drawings  and  photographs  of  the  full-scale  aircraft, 
and  some  changes  were  made  to  the  model  to  improve  its  accuracy.  Dve  ports 
were  positioned  at  various  points  on  the  surface  of  the  model.  The  connecting 
tubes  from  these  ports  were  led  internally  to  the  rear  of  the  fuselage  where 
they  were  brought  out  of  the  model  to  pass  back  along  the  sting  to  the  model 
support  system.  To  provide  access  to  the  tubes  within  the  model,  a  section  of 
the  upper  fuselage,  including  the  cockpit  canopy,  was  made  removable. 

Bv  inserting  tranverse  bulkheads  and  longitudinal  partitions  inside  the  model, 
two  closed  ducts  were  formed,  one  leading  from  each  engine  inlet  to  the 
corresponding  exhaust  nozzle.  A  length  of  brass  tube  was  cemented  imo  each 
nozzle,  extending  behind  the  aircraft.  Each  tube  could  be  connected  to  a 
suction  pump  through  an  individual  flow  meter.  Fins  arrangement  allowed 
independent  control  of  the  flow  into  each  inlet.  In  addition,  the  exhaust  tubes, 
clamped  in  a  suitable  fitting,  served  to  mount  the  model  on  the  sting  of  the 
model  support  system. 

The  wing  leading-edge  and  trailing-edge  flaps  were  cut  away  from  the  wing 
structure,  and  could  be  re-attached  at  various  deflection  settings  by  means  of 
simple  hem-metal  brackets  attached  to  the  wing  and  flap  undersurfaces  with 
double-sided  adhesive  tape.  Each  horizontal  tail  surface  was  mounted  on  a 
spanwise  spindle,  and  could  be  locked  at  any  desired  deflection  angle  by  means 
of  a  small  set-screw  in  the  fuselage. 

Fhe  model  could  be  fitted  with  LEX  fences.  These  are  streamwise  trapezoidal 
plates  fixed  normal  to  the  LEX  upper  surface,  at  about  the  LEX  semi-span,  just 
ahead  of  the  LEX/wing  leading-edge  junction  (Fig.3).  The  fences  were 
developed  by  the  manufacturer  of  the  F/A-18,  and  their  purpose  is  to  modify 
the  vortex/fin  interaction  to  reduce  the  unsteady  structural  loading  on  the  fin. 
The  fences  are  being  fitted  to  all  new  production  F/A-18  aircraft,  and 
retrofitted  to  older  aircraft. 

Another  1/48  scale  F/A-18  model  was  used  to  provide  some  comparative 
results  in  the  test  program.  This  model,  also  assembled  from  a  plastic  hobby  kit 
(Reveil  brand),  was  supplied  by  the  water  tunnel  manufacturer  as  a 
demonstration  model.  It  incorporated  dye  ports  and  an  engine  inlet  flow 
system,  but  had  no  provision  for  variable  flap  or  horizontal  tail  settings. 

Die  earlier  vertical  water  tunnel  and  towing  tank  results  mentioned  above  were 
obtained  using  a  1/72  scale  model.  Tin's  also  was  assembled  from  a  hobby  kit. 
but  had  no  dye  ports  or  engine  inlet  flow  provisions.  Both  the  flap  and 
horizontal  tailplane  settings  were  adjustable. 


Two  techniques  were  used  for  flow  visualisation.  The  first  of  these  involved  the 
injection  of  coloured  dyes  through  ports  in  the  model  surface.  Several  dye  ports 
were  positioned  around  the  model  nose,  and  on  the  fuselage  sides  ahead  of  the 
engine  inlets.  One  port  was  positioned  just  beneath  each  LEX  apex,  one  on 
each  LEX  upper  surface,  and  one  on  each  LEX  lower  surface.  Liquid  food  dyes 
were  used  for  most  of  the  tests,  with  the  occasional  use  of  fluorescein  sodium,  a 
fluorescent  dye. 

The  dyes  were  supplied  from  containers  pressurised  by  air  from  a  small 
compressor.  The  dye  flow  rate  was  controlled  by  a  needle  valve  in  each  dye 
line,  and  up  to  six  independently  controlled  dye  lines  were  available  at  anv  one 
time.  The  six  lines  passed  through  a  channel  in  the  C-strut  of  the  model  support 
system,  and  were  connected  to  selected  tubes  emerging  from  the  rear  of  the 
model. 

Flow  patterns  were  also  visualised  using  the  hydrogen  bubble  technique,  which 
involved  the  electrolytic  generation  of  minute  hydrogen  gas  bubbles  to  act  as 
flow  tracers.  This  technique  is  particularly  suited  to  the  visualisation  of  the 
separated  vortex  flows  above  highly-swept  surfaces  like  the  F/A-18  LEX.  The 
cathode  of  the  electrolytic  circuit  consisted  of  a  narrow  strip  of  aluminium  foil 
cemented  beneath  the  leading-edge  of  the  LEX.  The  anode  was  another  foil 
strip  cemented  to  the  LEX  undersurface,  close  to  the  fuselage  side.  Bubbles 
from  the  cathode  strip  were  swept  from  the  leading-edge  into  the  vortex  system 
above  the  LEX. 

General  illumination  of  the  model  and  dye  patterns  was  provided  by  a  1000  W 
quartz-iodine  lamp  mounted  beneath  the  test  section,  together  with  3  x  150  W 
tungsten  spotfamps  mounted  in  from  of  the  test  section.  For  the  hydrogen 
bubbles,  illumination  was  provided  bv  2  x  150  W  tungsten  spotlamps  mounted 
beneath  the  test  section. 


Considerable  insight  into  the  structure  of  the  vortical  flows  can  be  gained  bv 
illuminating  the  How  patterns  in  a  cross-flow  plane,  using  a  laser  light  sheet, 
rhis  approach  is  particularly  etteciive  when  used  with  hydrogen  bubbles  shed 
from  the  LEX  leading-edge.  Hie  laser  light  sheet  was  generated  using  a  Lexel 
Model  b5  air-cooled  argon  ion  laser,  producing  about  35  mW  of  power  at  a 
wavelength  ot  488  nm.  The  laser  was  set  up  beneath  the  test  section.  The 
output  beam  was  expanded  into  a  fan  by  means  of  a  glass  rod,  and  reflected  up 
into  the  test  section  by  a  small  scanning  mirror.  The  scanning  mirror  could  be 
driven  to  preselected  angles  to  place  the  light  sheet  at  different  positions  on  the 
model.  Alternatively,  the  mirror  could  be  driven  by  a  triangular  or  sawtooth 
wave  form  to  sweep  the  light  sheet  repeatedly  through  the  flow  volume  of 
interest. 


rhe  configuration  of  the  Eidetics  water  tunnel  is  designed  specifically  to  allow 
convenient  viewing  of  cross-flow  planes  via  the  window  at  the  end  of  the 
discharge  section,  downstream  of  the  test  section.  Thus  it  is  not  necessary  to 
insert  a  mirror  into  the  flow  behind  the  model  to  obtain  the  desired  viewing 
angle. 


Earlier  results  with  the  1/72  scale  F/A-18  model  were  obtained  using  dye  in 
the  vertical  water  tunnel  and  hydrogen  bubbles  in  the  towing  tank.  As  this 
model  had  no  surface  dye  ports,  dye  was  injected  through  a  probe  upstream  of 
the  modei.  The  probe  position  was  adjusted  until  the  injected  dve  filament 
passed  around  the  model  nose  and  into  the  LEX  vortex  core. 

2.4  Recording  of  results 

Extensive  use  was  made  of  video  techniques  in  recording  the  results  of  these 
flow  visualisation  tests.  For  general  recording  of  dye  patterns,  two  monochrome 
CCD  video  cameras  were  used.  One  was  mounted  in  front  of  the  test  section  to 
provide  side  views  of  the  model.  The  other  was  mounted  beneath  the  test 
section  and  provided  plan  views.  To  record  cross-flow  plane  views,  a  third 
camera,  of  the  same  type,  was  positioned  at  the  downstream  viewing  window, 
looking  upstream  into  the  test  section. 

The  cameras  were  used  in  conjunction  with  a  PC-based  image  acquisition  and 
processing  system.  A  program  written  using  Imaging  Technology  1TEX  PCplus 
library  routines  allowed  two  images,  one  from  each  of  two  video  cameras,  to  be 
grabbed  in  succession  and  stored  in  the  image  processor  board’s  memory.  In 
these  tests,  the  two  images  were  respectively  a  plan  view  and  a  side  view  of  the 
model  and  flow  pattern.  Subsequently,  each  image  could  be  titled  and  stored 
on  disk  if  required.  Model  angle  of  attack  and  the  position  of  flow  features  such 
as  vortex  breakdown  could  be  measured  directly  from  the  video  images  by 
means  of  a  cursor.  Scaling  was  accomplished  by  including  a  grid  in  the  field  of 
view  of  the  video  camera,  and  by  placing  reference  marks  on  the  model. 
Calculation  and  plotting  of  the  vortex  breakdown  position  were  performed  by 
appropriate  programs  on  the  PC.  Finally,  a  hard-copy  print  of  any  image  could 
be  produced  if  required  using  a  Mitsubishi  P75E  Video  Copy  Processor.  A 
typical  print  from  this  machine  is  shown  in  Fig.4. 

Cross-tlow  plane  images  also  could  be  acquired  using  the  same  system.  In 
addition,  most  flow  patterns  were  recorded  on  videotape.  Conventional  film 
photography  was  used  to  provide  higher  quality  images  of  selected  flow 
patterns. 

2.5  Test  program 

To  establish  a  reference  set  of  measurements,  vortex  breakdown  axial  positions 
were  measured  for  a  leading-edge  flap  /  traiiing-edge  flap  (LEF/TEF)  setting 
of  35°/0°,  at  a  flow  velocity  of  80  mm/s.  Further  tests  were  carried  out  at  this 
flap  setting  over  a  range  of  flow  velocities  from  40  mm/s  to  360  mm/s. 
Additional  flap  setting  combinations  of  35°/35°,  0°/0°,  and  0°/35°  were 
tested  at  a  flow  velocity  of  80  mm/s.  The  effects  of  airbrake  and  horizontal 
stabilator  deflection  were  also  examined.  The  effects  of  engine  inlet  flow  were 
evaluated  for  two  leading-edge  flap  settings  and  a  range  of  inlet  flow  velocities. 


Vortex  breakdown  positions  were  measured  for  the  model  fitted  with  the  LEX 
fences.  Additional  tests  were  carried  out  to  determine  in  more  detail  the  etfects 
of  the  LEX  fence  on  the  How  above  the  LEX  and  wing,  in  an  attempt  to 
explain  how  the  fences  produce  their  apparently  favourable  effect  on  the 
vertical  fin  unsteady  flow  environment. 


3.  RESULTS  AND  DISCUSSION 


3.1  Reference  configuration 

Fig.5  shows  plan  and  side  views  of  the  F/A-18  model  over  a  range  of  angles  of 
attack  in  the  water  tunnel  test  section.  The  model  is  in  the  reference 
configuration,  and  the  core  of  each  LEX  vortex  is  marked  by  dye  injected 
through  the  port  located  beneath  the  apex  of  each  LEX.  Stretching 
downstream  from  the  LEX  apex,  the  core  dye  filament  remains  slender  and 
compact  until  a  point  is  reached  where  it  expands  suddenly.  The  sudden 
expansion  marks  the  occurrence  of  vortex  breakdown,  and  downstream  of  the 
breakdown,  the  flow  in  the  core  is  unsteady.  The  vertical  fin  is  immersed  in  this 
unsteady  flow.  (It  should  be  noted  that  the  apparent  double  breakdown  visible 
in  some  of  the  plan  view  photographs  is  due  to  the  shadow  of  the  breakdown 
falling  on  the  upper  surface  of  the  model.) 

The  vortex  breakdown  moves  upstream  as  the  angle  of  attack  is  increased. 
Fig.5(a)  shows  that  at  an  angle  of  attack  of  19.5°,  breakdowm  occurs  just  ahead 
of  and  just  outboard  of  the  fin  leading-edge.  At  an  angle  of  attack  of  25.4°, 
(Fig. 5(b)),  the  breakdown  has  moved  upstream  to  a  point  just  aft  of  the 
junction  between  the  wing  and  LEX  leading-edges.  TTie  upstream  movement 
continues  until,  at  an  angle  of  attack  of  40.3°,  the  breakdown  is  in  the  vicinity 
of  the  cockpit. 

Hie  variation  of  vortex  breakdown  axial  position  with  angle  of  attack,  for  a  flap 
setting  of  35°/0°  and  a  flow  velocity  of  80  mm/s,  is  shown  in  Fig.t).  The 
Reynolds  number  based  on  mean  aerodynamic  chord  (Rmac)  was  ?l-0.  The 
engine  inlet  suction  system  was  not  connected,  the  inlets  being  in  a  How- 
through  configuration. 


At  any  particular  test  point,  the  vortex  breakdown  position  usually  was  not 
steady,  but  moved  irregularly  upstream  and  downstream  over  a  short  distance. 
Also,  there  was  sometimes  some  as,  mmetry  between  the  port  and  starboard 
vortex  breakdown  positions.  For  these  reasons,  tiiere  is  some  scatter  in  the 
results  -  typically,  about  5  \0%  of  the  model  length.  This  seems  to  be  typical 

of  other  experimental  measurements  of  vortex  breakdown  position  over 
aircraft  configurations  reported  in  the  literature. 


3.2  Effect  of  Reynolds  number 


Fig.7  shows  the  effects  of  variations  in  tunnel  flow  velocity  on  vortex 
breakdown  position.  Tests  were  performed  at  velocities  of  42,  74,  120  and  366 
mm/s,  corresponding  respectively  to  Rmac  values  of  2b88,  4736,  7680,  and 
23424,  in  addition  to  the  reference  case  of  80  mm/s.  Fig.6  shows  that  any 
variations  due  to  flow  velocity  fall  within  the  scatter  of  the  measured 
breakdown  positions,  for  a  Reynolds  number  variation  of  about  one  order  of 
magnitude. 

In  fig. 8,  the  water  tunnel  results  are  compared  to  wind  tunnel  and  flight  results 
taken  from  Ref.2.  The  wind  tunnel  results  were  obtained  at  Rmac  =  '-75  x  10*\ 
and  the  flight  results  at  Rmac  =  1.35  x  10  .  Also  included  arc  some 
unpublished  results  of  measurements  made  on  a  1/0  scale  model  in  the  ARL 
Flight  Mechanics  Brancn  low-speed  wind  tunnel  (Rmac  =  F34  x  1(P).  The 
agreement  between  results  covering  almost  four  orders  of  magnitude  in 
Reynolds  number  is  remarkably  close.  There  appears  to  be  a  slight  upstream 
shift  of  the  breakdown  position  with  increasing  Revnolds  number  at  a  given 
angle  of  attack,  but  the  magnitude  of  this  shift  is  little  greater  than  the  overall 
scatter  ot  the  results.  This  relative  independence  of  breakdown  position  on 
Reynolds  number  justifies  investigations  of  the  phenomenon  using  small-scale 
models  in  water  tunnels  at  low  speeds. 

3.3  EfTect  of  flap  settings 

At  moderate  to  high  angles  of  attack,  the  flow  over  the  outer  wing  panels  of  the 
F/A-18  is  strongly  influenced  by  me  deflection  T  the  flaps,  particularly  the 
leading-edge  flaps.  It  was  thought  that  changes  in  outer  wing  flow  due  to  flap 
deflection  might  influence  the  location  of  vortex  breakdown.  In  addition,  the 
downward  deflection  of  the  leading-edge  flap  exposes  an  increased  length  of 
the  LEX  leading-edge,  which  could  affect  the  vortex  flow  above  the  LEX  and 
the  vortex  breakdown  position. 

Fig. 9  shows  the  vortex  breakdown  positions  tor  four  different  combinations  of 
leading-  and  trailing-edge  flap  deflections.  The  effects  of  flap  settings  appear  to 
be  minimal,  and  any  variations  that  may  occur  are  masked  by  the  scatter  of  ihc 
results. 


3.4  Effect  of  horizontal  stabilator  deflection 

To  reach  and  maintain  the  angles  of  attack  at  which  vortex  breakdown  occurs, 
the  horizontal  stabilator  of  the  F/A-18  must  be  deflected  leading-edge 
downwards  to  generate  the  required  pitching  moment.  The  effect  of  such  a 
control  movement  on  the  vortex  breakdown  axial  position  is  shown  in  Fie.  10, 
tor  an  arbitrary  stabilator  deflection  of  -30°  (slightly  greater  than  the  m:  ximum 
deflection  of  -24°  used  in  the  actual  aircraft).  It  is  apparent  that  the  stabilator 
deflection  produces  no  measurable  shift  in  the  vortex  breakdown  position.  For 
all  the  other  1/48  scale  model  tests  described  here,  ihe  stabilator  angle  was  set 
to  zero. 


'T 


T^ 

\ 


» 

l 


3.5  Effect  of  model  scale  and  type 

Some  earlier  measurements  made  on  a  1/72  scale  F/A-18  model  are  included 
here  for  comparison.  The  measurements  were  made  in  a  veitical  water  tunnel 
and  in  a  towing  tank,  using  dye  and  hydrogen  bubbles  respectively  tor  flow 
visualisation.  The  leading-edge/trailing-edge  flap  configuration  was  20°/20°. 
and  the  -esults  are  compared  in  Fig.  11  with  the  results  for  the  1/48  scale  mode1 
with  a  flap  configuration  of  35°/35°.  Onre  again,  any  •  ariations  within  the 
results  are  masked  by  the  scatter,  further  confirming  that  Reynolds  number 
effects  are  not  significant  in  measurements  of  this  particular  flow  parameter. 

Another  factor  of  some  concern  in  water  tunnel  testing  using  a  hobby  kit  as  the 
basis  for  the  test  model  is  fl.e  accuracy  with  wl  ;ch  the  kit  represents  the  actual 
aircraft,  and  the  likely  effect  on  results  of  any  inaccuracies  in  this 
representation.  With  the  availability  ot  two  1/48  scale  models  from  two 
different  sources  (ARL  -  Monogram  kit.  Eidetics  -  Revell  kit),  the  opportunity 
was  taken  to  compare  results  of  vortex  breakdown  position  measurements  on 
the  two  models. 

The  geometries  of  the  models  differed  in  several  respects,  and  it  was  thought 
that  these  differences  might  cause  variations  in  the  position  of  vortex 
breakdown.  S^me  of  the  model  differences  are  illustrated  in  Fig.  12.  This 
diagram  shows  some  comparative  model  cross-sections,  obtained  using  a 
needle-type  template  former.  It  is  thought  that  the  ARL  model  is  a  more 
accurate  representation  of  the  full-scale  aircraft,  and  'he  Eidetics  model  differs 
from  the  ARL  model  in  several  respects  : 

(a)  the  forward  end  of  the  LEX  ,'s  set  too  high  on  the  fuselage  side; 

(b)  the  undersurface  of  the  LEX  has  dihedral,  whereas  the  LEX 
undersurface  on  the  full-scale  aircraft  has  anhedral; 

(c)  the  upper  fuselage  in  the  vicinity  of  the  wing  mid-chord  is  too 
flat; 

(d)  the  engine  inlets  are  too  small. 

Fig.  13  shows  a  comparison  between  the  vortex  breakdown  positions  measured 
over  the  two  models.  It  can  be  seen  that  despite  the  geometrical  differences 
described  above,  there  is  good  agreement  between  the  two  sets  of  results.  Thus 
it  appears  that,  at  I ’ast  in  terms  of  the  relatively  crude  parameter  of  axial 
position  of  vortex  breakdown,  changes  in  model  cross-section  shape  of  the  type 
and  scale  described  here  have  little  effect  on  vortex  behaviour.  It  is  probable, 
tiowever,  that  the  model  chances  will  have  effects  that  are  not  apparent  from 
flow  visualisation  tests  of  the  type  reported  here.  For  example,  small  changes  in 
forebodv  shape  can  have  large  effects  on  forebodv  pressure  distributions 
(Ref.2)  and  hence  on  the  yawing  and  pitching  characteristics  of  the  aircraft. 
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3.6  Effect  of  engine  inlet  flows 


On  the  F/A-18,  the  engine  inlets  are  located  beneath  the  LEX/wing  leading- 
edge  junction,  and  it  seemed  possible  that  flow  into  the  inlets  might  influence 
the  behaviour  of  the  vortex  above  the  LEX  in  this  region.  Vortex  breakdown 
positions  were  measured  for  various  inlet  flow  rates,  and  the  results  are  shown 
in  Fig.  14.  The  inlet  flow  rate  is  scaled  using  the  ratio  Vj/Vq,  where  Vj  is  the 
mean  velocity  through  the  inlet  and  Vq  is  the  freestream  velocity.  Examination 
of  F/A-18  flight  records  showed  that  during  a  typical  period  of  aii  combat 
manoeuvring,  lasting  for  some  100  seconds  at  full  throttle,  the  aircraft  operated 
at  angles  of  attack  greater  than  15°  and  at  estimated  inlet  velocity  ratios 
greater  than  3.0  for  more  than  50%  of  the  manoeuvring  period.  For  nearly  20% 
of  the  period,  the  estimated  velocity  ratio  exceeded  4.0.  and  the  peak  value  was 
about  5.5.  Fig.  14  shows  that  the  inlet  (low  does  have  an  effect  on  the  axial 
position  of  vortex  breakdown,  tending  to  shift  it  downstream.  The  downstream 
shift  increases  with  inlet  velocity  ratio  until,  at  a  velocity  ratio  of  8.1.  the  shift  is 
about  20%  of  the  model  length. 

The  etfect  of  engine  inlet  flow  is  influenced  by  the  leading-edge  tlap  position, 
as  shown  in  Fig.  15.  When  the  flap  is  undeflected,  the  downstream  shift  of  the 
vortex  breakdown  is  less  than  when  the  flap  is  deflected  35°,  at  least  for  angles 
of  attack  between  20°  and  35°.  This  change  is  probably  due  to  the  reduction  in 
the  effective  length  of  the  LEX  leading-edge  exposed  to  the  inlet  flow  effects 
when  the  flap  is  undeflected. 

The  effect  of  engine  inlet  flow  on  the  overall  flow  structure  in  the  LEX  region 
was  investigated  in  more  detail  by  injecting  dye  through  ports  in  the  starboard 
fuselage  side  beneath  the  LEX  and  ahead  of  the  inlets.  The  dye  traces  in  this 
region  will  give  a  general  idea  of  the  local  flow  behaviour.  However,  details  of 
the  dye  flow  must  be  interpreted  with  care,  as  in  this  region  of  complex  viscous 
flow,  the  appearance  of  the  dye  traces  will  be  sensitive  to  the  actual  flow  rate  of 
the  dye  through  the  ports.  Dye  was  also  injected  through  a  port  beneath  the 
LEX  leading  edge,  outboard  of  the  engine  inlet. 

Fig.  It)  shows  dye  patterns  obtained  for  various  inlet  flow  rates,  at  an  angle  of 
attack  of  30.5°.  With  no  flow  into  the  inlet,  (Fig.  16(a)),  there  is  a  region  of 
complex  flow  beneath  the  LEX.  Dye  from  the  fuselage  ports  moves  forward 
along  the  fuselage  side  to  the  LEX  apex,  up  around  the  apex  and  into  the  LEX 
vortex  core.  Dye  from  the  port  beneath  the  LEX  leading-edge  moves  outboard 
beneath  the  LEX,  around  the  leading-edge  and  into  the  vortex  system. 

L'nder  some  conditions,  the  dve  traces  beneath  the  LEX  indicate  the  formation 
of  vortex-like  structures  in  this  region.  A  similar  flow  pattern  was  observed  with 
a  flow-through  inlet  (i.e.  inlet  open,  suction  system  not  connected).  _Similar 
regions  of  separated  flow  have  been  observed  in  wind  tunnel  tests*5,  using 
surface  flow  visualisation.  A  panel  method  analysis*5  of  the  flow  around  the 
F/A-18.  although  carried  out  for  a  lower  angle  of  attack,  also  indicated  the 
presence  of  a  separated  flow  region  beneath  the  LEX  when  there  was  no  flow 
into  the  inlet.  Navier-Stokes  solutions^  to  the  flow  around  the  F/A-18 


forebodv-LEX  have  indicated  the  presence  of  a  vortex-like  separation  beneath 
the  LEX  at  an  angle  of  attack  of  20°. 

For  an  inlet  velocity  ratio  of  1.24,  (Fig.  16(a)),  the  extent  of  the  separated-flow 
region  beneath  the  LEX  is  reduced,  and  dye  from  the  lowest  port  on  the 
fuselage  side  moves  downstream  into  the  inlet  splitter  slot.  The  vortex 
breakdown  position  has  shifted  slightly  downstream,  and  the  vortex  core 
upstream  of  the  breakdown  has  been  deflected  downwards  to  lie  roughly 
parallel  to  the  LEX  upper  surface. 

For  a  velocity  ratio  of  2.48,  (Fig.  16(b),  the  separated  region  beneath  the  LEX 
seems  to  have  disappeared.  Dye  from  all  the  fuselage  side  ports  moves 
downstream  and  into  the  splitter  slot  or  into  the  inlet  itself.  Relative  to  the 
Vi/Vo  =  1.24  case,  the  vortex  breakdown  has  shifted  slightly  further 
downstream,  while  the  point  of  downward  deflection  of  the  core  upstream  of 
the  breakdown  has  remained  in  the  same  position  relative  to  the  model. 


With  further  increase  in  inlet  velocity  ratio,  the  trends  described  above  are 
continued.  For  a  velocity  ratio  of  4.96,  (Fig.  16(b)),  more  dve  from  the  fuselage 
side  ports  passes  directly  into  the  inlets,  and  the  vortex  breakdown  position  has 
shifted  further  downstream.  Some  dye  from  the  port  beneath  the  LEX  leading- 
edge  is  also  sucked  inboard  beneath  the  LEX  and  into  the  inlet.  For  a  velocity 
ratio  of  8.1,  (Fig.  16(c)),  more  dve  from  this  port  is  sucked  into  the  inlet.  At  high 
inlet  flow  rates,  observation  of  hydrogen  bubbles  generated  along  the  LEX 
leading-edge  indicates  that,  just  ahead  of  this  dye  port,  the  normal  upward  flow 
around  the  LEX  leading-edge  does  not  occur.  In  fact,  fluid  passes  down  around 
the  LEX  leading-edge  from  the  upper  to  the  lower  surface. 

The  effect  of  inlet  flow  at  an  inlet  velocity  ratio  of  8.1  at  other  angles  of  attack 
is  shown  in  Fig.  17.  At  an  angle  of  attack  of  19.5°,  (Fig.l7(a)  and  (b)),  the 
vortex  core  is  deflected  inboard  and  the  vortex  breakdown  has  shifted  from  a 
position  just  ahead  of  and  outboard  of  the  fin  leading-edge  at  Vj/Vq  =  0,  to  a 
position  behind  and  inboard  of  the  leading-edge.  At  an  angle  of  attack  of  25.4°, 
(Fig.  17(c)  and(d)),  the  corresponding  shift  in  vortex  breakdown  position  is 
from  just  aft  of  the  wing  leading-edge  /  LEX  junction  to  just  ahead  of  the  fin 
leading-edge.  Even  at  an  angle  of  attack  of  40.3°,  (Fig.  17(g)  and  (h),  where 
vortex  breakdown  occurs  well  forward  of  the  inlet  location,  inlet  flow  has  some 
effect  on  the  breakdown  position. 


Flow  into  the  engine  inlet,  by  modifying  the  flow  patterns  beneath  the  LEX, 
may  be  causing  local  changes  to  the  effective  spanwise  camber  of  the  LEX. 
Thus  when  the  inlet  flow  is  zero  or  very  small,  the  separated  region  below  the 
LEX  "fills  out"  the  space  between  the  LEX  lower  surface  and  the  fuselage  side, 
giving  an  effective  negative  spanwise  camber  to  the  LEX.  As  the  inlet  flow 
increases,  the  separated  region  is  reduced  and  eventually  largely  disappears. 
This  process  makes  the  effective  spanwise  camber  of  the  LEX  more  positive.  It 
has  been  shown  in  wind  tunnel^  and  water  tunnel^  tests  that  increasing  the 
spanwise  camber  of  a  delta  wing  shifts  the  vortex  breakdown  position 
downstream.  It  is  possible  that  a  similar  mechanism  is  producing  the  results 
observed  for  the  LEX  vortex  in  the  present  tests. 
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The  effect  of  inlet  flow  on  the  position  of  vortex  breakdown  may  be  significant 
in  relation  to  wind  tunnel  testing.  Most  wind  tunnel  tests  of  the  F/A-18  have 
been  performed  using  flow-through  inlets.  The  water  tunnel  tests  described 
here  have  shown  that  flow-through  inlets  give  the  same  results  as  inlets  with  no 
flow  through  them.  The  internal  inlet  duct  flow  conditions  in  the  water  tunnel 
model  are  likely  to  differ  considerably  in  geometry  and  Reynolds  number  from 
those  in  a  typical  wind  tunnel  model  with  flow-through  inlets.  However,  if  the 
water  tunnel  results  can  be  assumed  to  apply  at  all  under  wind  tunnel  test 
conditions,  it  would  appear  necessary  to  simulate  inlet  flows  to  model 
accurately  the  behaviour  of  LEX  vortex  breakdown  in  the  wind  tunnel. 
Appropriate  comparative  wind  tunnel  tests  are  needed  to  check  on  this  point. 

Another  aspect  of  inlet  flow  effects  concerns  the  apparent  good  agreement 
between  measurements  of  vortex  breakdown  position  made  in  the  water  tunnel 
and  those  made  in  flight  (Fig.8).  The  water  tunnel  measurements  in  Fig. 8  were 
made  with  no  inlet  flow,  while  the  flight  measurements  would  have  been  made 
with  engines  running,  probably  at  a  quite  high  thrust  level.  The  agreement 
between  flight  results  and  water  tunnel  results  with  inlet  flow  simulation  would 
be  much  less  close  than  that  shown  in  Fig.8.  This  aspect  requires  further 
investigation  to  clarify  the  extent  of  inlet  flow  effects  and  their  Reynolds 
number  dependence.  Wind  tunnel  tests  with  simulated  inlet  flows  would  be  one 
approach.  Also,  it  would  be  informative  to  have  accurate  estimates  of  actual 
inlet  velocity  ratios  under  flight  conditions. 

3.7  Effect  of  airbrake  deployment 

On  the  F/A-18,  the  airbrake  is  mounted  on  the  fuselage  upper  surface  between 
the  vertical  fins.  The  airbrake  is  hinged  at  its  forward  edge,  and  is  deflected 
upwards  into  the  airstream  when  deployed.  The  deflected  airbrake  represents  a 
considerable  blockage  to  the  flow  between  the  fins,  and  it  was  of  interest  to  see 
if  this  blockage  had  any  effect  on  the  position  of  vortex  breakdown. 

Fig.  18  shows  the  results  of  vortex  breakdown  position  measurements  with  the 
airbrake  deflected  upwards  at  an  angle  of  about  60°.  It  appears  that  the 
airbrake  has  little  or  no  effect  on  the  vortex  breakdown  axial  position  for  most 
of  the  angle  of  attack  range.  At  the  lower  angles  of  attack,  there  may  be  some 
slight  downstream  movement  of  the  breakdown,  but  this  movement  is  little 
greater  than  the  experimental  scatter. 


3.8  Effect  of  LEX  fences 
3.8.1  Vortex  breakdown  position 

Fhe  fitting  of  the  LEX  fences  has  little  effect  on  the  vortex  breakdown  axial 
position,  as  can  be  seen  from  the  results  plotted  in  Fig.  19.  However,  the  fences 
do  modify  the  vortex  system  structure  to  some  extent,  particularly  at  angles  of 
attack  in  the  range  15°  -  30°.  Fig.20  shows  comparative  fence-off  and  fence-on 
side  and  plan  views  for  various  angles  of  attack.  At  an  angle  of  attack  of  19.5°, 
(Fig. 20(a)  and  (b)),  the  fence  causes  the  development  of  a  slight  spiral  in  the 
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vortex  core,  which  is  deflected  initially  upward  and  inboard,  then  downward 
and  outboard.  The  breakdown  itself  is  shifted  outboard  slightly. 

For  angles  of  attack  up  to  about  27°,  with  breakdown  occurring  close  to  or 
downstream  of  the  fence  position,  the  physical  appearance  of  the  breakdown  is 
altered  by  the  addition  of  the  fences.  With  the  fences  off,  the  breakdown  is 
clearly  defined  as  a  sudden  deformation  and  expansion  of  the  core  dye 
filament.  With  the  fences  fitted,  the  breakdown  appears  less  distinct,  with  a 
more  gradual  thickening  of  the  core  dye  filament  upstream  of  the  breakdown 
proper  (Fig.20(a)  and  (c)). 

At  an  angle  of  attack  of  25.4°,  (Fig.20(c)  and  (d)),  the  vortex  core  kink  caused 
by  the  fence  is  still  present  but  is  less  apparent  than  at  the  lower  angle  of 
attack.  At  an  angle  of  attack  of  30.5°,  Fig.20(e)  and  (0,  the  vortex  breakdown 
is  occurring  in  the  vicinity  of  the  fence  position,  and  the  fence  does  not  appear 
to  have  much  effect  on  the  shape  of  the  vortex  core. 

Thus  it  appears  that  the  favourable  effect  on  fin  dynamic  loading  produced  by 
the  fences  is  not  the  result  of  any  major  axial  shift  in  vortex  breakdown 
position,  but  rather  is  due  to  a  change  in  the  nature  of  the  flow  downstream  of 
the  breakdown,  combined  with  a  slight  lateral  shift  in  the  position  of  the 
breakdown,  at  least  at  the  lower  angles  of  attack. 

Fig.21  shows  that  the  effect  of  inlet  flow  on  vortex  breakdown  position  with  the 
fences  on  is  similar  to  the  effect  with  fences  off.  The  process  by  which  inlet  flow 
displaces  the  vortex  breakdown  downstream  does  not  appear  to  be  markedly 
affected  by  the  presence  of  the  fences. 

3.8.2  Fence  effects  on  LEX  vortex 

Wind  tunnel  tests^  and  flight  tests'*  have  shown  that  the  fitting  of  the  LEX 
fences  has  a  favourable  effect  on  the  fin  vibration  levels.  The  tests  discussed 
above  indicate  that  the  axial  position  of  the  vortex  breakdown  is  not  greatly 
affected  by  the  fence,  so  some  more  detailed  flow  visualisation  tests  were 
carried  out  in  an  attempt  to  understand  how  the  fence  works. 

To  provide  more  information  on  the  behaviour  of  the  flow  in  the  vicinity  of  the 
fence,  the  hydrogen  bubble  technique  was  used,  in  conjunction  with  laser  sheet 
illumination.  In  a  typical  case,  Fig.22  shows  successive  sections  through  the 
hydrogen  bubble  sheets  as  the  light  sheet  is  moved  downstream  past  the  fence 
location.  Well  upstream  of  the  fence,  the  vortex  cross  section  is  typical  of  that 
above  a  delta  wing.  The  sheet  of  fluid  separating  from  the  leading  edge  rolls  up 
smoothly  into  a  spiral  vortex  above  the  LEX  and  inboard  of  the  leading  edge. 
Further  downstream,  in  the  vicinity  of  the  fence,  a  kink  develops  in  the 
separated  sheet.  This  kink  develops  into  a  second  vortex,  of  the  same  sense  as 
the  main  LEX  vortex.  The  second  vortex  moves  inboard  and  upwards  over  the 
main  vortex,  then  downwards  on  the  inboard  side  of  the  main  vortex. 
Ultimately,  the  two  vortices  merge.  The  interaction  between  the  two  vortices 
accounts  for  the  kinks  that  develop  in  the  LEX  vortex  core  upstream  of  the 
breakdown  when  the  fences  are  fitted,  and  also  for  the  slight  outboard 
displacement  of  the  LEX  vortex  core. 
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The  behaviour  of  the  two  vortices  is  similar  to  that  which  occurs  over  double 
delta  wings  where  a  second  vortex  generated  by  the  kink  in  the  leading  edge 
interacts  with  the  vortex  from  the  wing  apex,  rig.23  shows  a  possible  topology 
of  the  cross  flow  streamlines  in  the  vicinity  of  the  LEX  fence.  This  is  similar  in 
many  respects  to  the  cross-flow  topology  over  a  double-delta  wing  (Fig.30, 
Ref.  10).  A  saddle  point  is  present  between  the  main  LEX  vortex  and  the 
second  vortex  caused  by  the  presence  of  the  fence. 


The  interaction  of  the  two  vortices  may  affect  the  frequency  of  any  unsteady 
flow  component  downstream  of  the  breakdown,  and  may  thus  contribute  to  the 
effectiveness  of  the  fences  in  reducing  fin  vibration.  The  techniques  used  in  the 
flow  visualisation  tests  described  here  did  not  allow  the  detection  of  any  such 
frequency  changes. 


The  occurrence  of  a  second  vortex  caused  by  the  presence  of  the  fence  was 
observed  by  Erickson  et  al^  in  wind-tunnel  tests,  using  smoke  to  make  the 
vortex  cores  visible.  The  general  behaviour  of  the  LEX  main  vortex  and  the 
fence-induced  vortex  observed  in  the  wind  tunnel  tests  closely  matches  the 
water  tunnel  results  discussed  here. 


When  attempting  to  measure  the  vortex  breakdown  position  with  fences  on,  it 
was  found  that,  for  a  small  angle  of  attack  range,  the  breakdown  was  not  clearly 
defined  by  dye  injected  at  the  LEX  apex.  The  dye  filament  in  the  vortex  core 
appeared  to  deflect  and  spread  out  into  a  curved  sheet,  without  displaying  the 
usual  clearly  defined  stagnation  point  at  breakdown. 

To  study  this  flow  in  more  detail,  dye  was  injected  through  a  hole  on  the  LEX 
underside  at  about  the  same  chordwise  position  as  the  fence.  This  dye  passed 
outboard  beneath  the  LEX,  upwards  around  the  LEX  leading-edge  and  into 
the  second  vortex.  Dye  was  also  injected  through  a  hole  on  the  LEX  upper 
surface  upstream  of  the  fence.  Dye  from  this  hole  passed  downstream  over  the 
LEX  upper  surface  and  into  the  second  vortex.  Some  examples  of  the  flow 
patterns  observed  are  shown  in  Fig.24.  It  was  found  that  the  principal 
breakdown  was  in  fact  occurring  in  the  second  vortex,  and  that  the  deflection 
and  spreading  of  the  main  vortex  core  dye  was  due  to  the  core  deflecting  and 
"smearing"  around  the  breakdown  in  the  second  vortex.  This  flow  pattern  was 
observed  clearly  at  relatively  low  flow  velocities  (about  30  mm/s),  and  for  an 
angle  of  attack  range  of  about  17°  -  22°.  At  higher  velocities,  diffusion  and 
mixing  of  the  dye  filaments  made  it  impossible  to  distinguish  which  vortex 
broke  down  first.  However,  breakdown  of  the  second  vortex  may  account  for 
the  change  in  appearance  of  the  LEX  vortex  breakdown  caused  bv  the  fitting  of 
the  fence. 


4.0  CONCLUDING  REMARKS 

The  experimental  measurements  described  in  this  report  have  shown  that, 
within  the  limits  of  the  accuracy  of  the  flow  visualisation  techniques  used,  the 
axial  position  of  breakdown  in  the  F/A-18  LEX  vortex  is  insensitive  to  a 
number  of  parameters,  including  Reynolds  number,  flap  setting,  stabilator 
deflection,  airbrake  deployment,  variations  in  LEX  cross-sectional  shape,  and 


the  fitting  of  LEX  fences.  Fig.25  shows  a  plot  of  all  the  results  obtained  in  these 
tests  with  zero  inlet  flow,  plus  results  obtained  from  wind  tunnel  tests  and  flight 
tests.  The  results  all  fall  within  a  band  that  is  little  wider  than  that  due  to 
experimental  scatter.  Vortex  breakdown  positions  from  the  wind  tunnel  and 
flight  tests  tend  to  fall  on  the  upstream  edge  of  the  plotted  group. 

The  simulation  of  engine  inlet  flows  affected  the  axial  position  of  vortex 
breakdown,  at  inlet  flow  velocity  ratios  that  could  be  encountered  in  practical 
flight  conditions  at  high  angles  of  attack,  low  airspeeds  and  high  thrust  settings. 
Basically,  as  the  ratio  of  engine  inlet  flow  velocity  to  freestream  velocity 
increased,  the  breakdown  position  moved  downstream.  Results  for  one  inlet 
velocity  ratio  are  included  in  Fig.25. 

The  effects  of  inlet  flow  require  further  investigation,  by  wind  tunnel  tests  using 
inlet  flow  simulation,  rather  than  using  only  flow-through  inlets.  It  appears  that 
the  good  agreement  between  water  tunnel  and  flight  test  measurements  of 
vortex  breakdown  axial  position  may  be  adversely  affected  by  the  inclusion  of 
inlet  flow  effects. 

The  addition  of  LEX  fences,  while  not  producing  a  significant  shift  in  the  axial 
position  of  LEX  vortex  breakdown,  did  modify  the  LEX  vortex  structure.  The 
fitting  of  the  fence  caused  the  formation  of  a  second  vortex  originating  from 
the  LEX  leading-edge  near  the  fence.  Apparently  it  is  the  interaction  between 
this  vortex  and  the  main  LEX  vortex  that  produces  the  favourable  reduction  in 
fin  vibration  reported  from  wind  tunnel  and  flight  tests. 
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Fig. 2  1/48  scale  F/A-18  model 
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Fig. 3  Shape  and  position  of  LEX  fence 
on  1/48  scale  model 


Fig. 5(a)  Vortex  flow  over  F/A-18  -  Reference  configuration 
Angle  of  attack  =  19.5° 

(LEF/TEF  =  35°/0° ;  VQ  =  80  mn/s;  LEX  fences  off;  Vj/V0  -  0) 
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Fig. 5(b)  Vortex  flow  over  F/A-18  -  Reference  conf iguration 
Angle  of  attack  =  25.4° 

(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off;  Vj/V,,  =  0) 


Fig. 5(c)  Vortex  flow  over  F/A-18  -  Reference  configuration 
Angie  of  attack  =  30.5° 

(LEF/TEF  -  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off;  Vj/V0  =  0) 


Fig. 5(d)  Vortex  flow  over  F/A-18  -  Reference  configuration 
Angle  of  attack  =  35.5° 

(LEF/TEF  -  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off;  Vj/V0  =  0) 
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Fig. 5(e) 
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Vortex  flow  over  F/A-18  -  Reference  configuration 
Angle  of  attack  =  40.3° 

r  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off;  Vj/V0  =  0) 


Vortex  breakdown  position  (X/L) 


Fig. 6  Vortex  breakdown  position  over  F/A-18. 
Reference  configuration. 

(LEF/TEF  =  35°/0°;  VQ  -  80  tnn/s;  LEX  fences  off;  Vj/V0  =  0) 
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Fig. 8  Vortex  breakdown  position  over  F/A-18 
Comparison  of  water  tunnel, 
wind  tunnel  and  flight  test  results 
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Fig. 9  Vortex  breakdown  position  over  F/A-18 
Effect  of  flap  settings 
(VQ  =  80  mm/s;  LEX  fences  off;  Vj/V0  =  0) 
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Fig. 10  Vortex  breakdown  position  over  F/A-18 
Effect  of  stabilator  deflection 
(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off;  Vj/V0  =  0) 
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Fig. 11  Vortex  breakdown  position  over  F/A-18 
Results  for  models  of  different  scales 


Vortex  breakdown  position  (X/L) 


Fig. 13  Vortex  breakdown  position  over  F/A-18 
Results  for  different  1/48  scale  models 
(LEF/TEF  =  0°/0°;  Vn  =  80  mm/s;  LEX  fences  off;  VT/Vn 
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Fig. 14  Vortex  breakdown  position  over  F/A-18 
Effect  of  engine  inlet  flow 
(LEF/TEF  =  35°/0°;  Vn  =  80  mm/s;  LEX  fences  off) 
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Fig. 16(a)  Vortex  flow  patterns  over  F-18  -  Effect  of  engine  inlet  flow 

Vj/Vq  =  0.0,  1.24 

(Angle  of  attack  =  30.5°;  LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off) 
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Fig. 16(b)  Vortex  flow  patterns  over  F-18  -  Effect  of  engine  inlet  flow 

Vj/Vq  =  2.48,  4.96 

(Angle  of  attack  =  30.5°;  LEF/TEF  =  35°/0°;  VQ  =  80  iran/s;  LEX  fences  off) 
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Fig. 16(c) 


Vortex  flow  patterns  over  F-18  -  Effect  of  engine  inlet  flow 
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(Angle  of  attack  =  30.5°;  LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off) 
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Fig. 17(a)  Effect  of  inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  19.5°  (Side  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  rrm/s;  LEX  fences  off) 
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Fig. 17(b)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  19.5°  (Plan  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off) 


Vi/v0=e . i 


Fig. 17(c)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  25.4°  (Side  view) 

(LEF/TEF  =  35°/0°;  V0  =  80  mm/s;  LEX  fences  off) 
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Fig. 17(d)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  25.4°  (Plan  view) 

(LEF/TEF  =  35°/0°;  Vc  =  80  mm/s;  LEX  fences  off) 
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Fig. 17(e)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  30.5°  (Side  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off) 
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Fig. 17(f)  Effect  of  inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =  30.5°  (Plan  view) 

(LEF/TEF  =  35°/0°;  V0  =  80  ran/s;  LEX  fences  off) 


VZ/V0=3 - 1 


Fig. 17(g)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =40.3°  (Side  view) 

(LEF/TEF  =  35°/0°;  V0  =  80  mro/s;  LEX  fences  off) 
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Fig. 17(h)  Effect  of  Inlet  flow  at  different  angles  of  attack 
Angle  of  attack  =40.3°  (Plan  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  LEX  fences  off) 
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Fig  18  Vortex  breakdown  position  over  F/A-18 
Effect  of  airbrake  deflection 

(LEF/TEF  =  35°/0°;  VQ  =  80  wm/s;  LEX  fences  off;  Vj/V0  =  0) 


Vortex  breakdown  position  (X/L) 


Fig. 19  Vortex  breakdown  position  over  F/A-18 
Effect  of  LEX  fences 

(LEF/TEF  =  35°/0°;  V_  =  80  m/s;  Vr/V0  =  0) 


LEX  fence  off 


LEX  fence  on 


Fig. 20(a)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  19.5°  (Side  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  m/s ;  Vj/Vq  =  0) 


LEX  fence  off 


LEX  fence  on 


Fig. 20(b)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  19.5°  (Plan  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  m/s ;  Vj/Vq  =  0) 


LEX  fence  on 


Fig. 20(c)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  25.4°  (Side  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  mm/s;  Vj/V0  =  0) 
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Fig. 20(d)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  25.4°  (Plan  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  m/s ;  Vj/Vq  =  0) 


LEX  fence  off 


LEX  fence  on 


Fig. 20(e)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  30.5°  (Side  view) 

(LEF/TEF  =  35°/0°;  VQ  =  80  m/s;  Vj/Vq  =  0) 
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Fig. 20(f)  Effect  of  LEX  fence  on  vortex  flows  over  F/A-18 
Angle  of  attack  =  30.5°  (Plan  view) 

(LEF/TEF  =  35°/0° ;  V0  =  80  ran/s;  Vj/V0  =  0) 
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Fig. 21  Vortex  breakdown  position  over  F/A-18 
Effect  of  engine  inlet  flow  (fences  on) 
(LEF/TEF  -  35°/0°;  VQ  =  80  nrn/s) 


Fig. 24  Breakdown  in  second  vortex  with  fences  on 
Angle  of  attack  =  19.5° 

(LEF/TEF  =  35°/0°;  VQ  =  30  mm/s;  Vj/Vq  =  0) 
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Fig. 25  Vortex  breakdown  position  over  F/A-18 
Results  for  all  configurations  and  sources 
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